We report the bacterial expression, purification, and characterization of the N-terminal domain (PNT) of the measles virus phosphoprotein. Using nuclear magnetic resonance, circular dichroism, gel filtration, and light scattering, we show that PNT is not structured in solution. We show by two complementary computational approaches that PNT belongs to the recently described class of natively unfolded proteins, further confirming its reported similarity with acidic activation domains of cellular transcription factors. We extend these results to the N-terminal domains of other Morbillivirus phosphoproteins and to the corresponding protein W of Sendai virus, a Paramyxovirus. Unstructured proteins may undergo some degree of folding upon binding to their partners, a process termed "induced folding." Using limited proteolysis in the presence of trifluoroethanol, we identified residues 27 to 38 as a putative secondary structure element of PNT arising upon induced folding. 
INTRODUCTION
Measles virus (MV), a member of the family Paramyxoviridae, is a major human pathogen, responsible annually for more than 1 million deaths worldwide. Despite the clinical importance of MV and the recent successes of antiviral therapies directed against viral polymerases, very little is known about the MV replication machinery. MV is an enveloped virus with a nonsegmented, singlestranded, negative RNA genome. The genomic RNA is packaged by the nucleoprotein (N) to form the viral nucleocapsid. Transcription and replication are carried out on this (N:RNA) complex by the polymerase L in association with the phosphoprotein P. In the past decade, much has been elucidated about the multiple roles played by the key protein P in conjunction with N and L (Curran and Kolakofsky, 1999) . P and N each perform several functions during the viral cycle. Both transcription and replication take place onto the assembled form of N (N NUC ), but the replication step also necessitates the concomitant assembly of the soluble, unassembled form of N (N°) onto the newly synthesized viral genomic RNA, with the participation of P. At least in the case of MV, N°u ndergoes a conformational maturation before being encapsidated (Gombart et al., 1993) . In the current state of our knowledge, it seems clear that P plays a pivotal role together with N in the transition from transcription to replication. P is a modular protein with two distinct functional domains (Lamb and Kolakofsky, 2001) . The P Cterminal domain (PCT), which is the most conserved in sequence, contains all the regions required for viral transcription. On the other hand, the poorly conserved N-terminal domain (PNT) provides several additional functions required for replication (Curran, 1998; Curran and Kolakofsky, 1999) . PNT is also distinguished by containing most phosphorylation sites of P. Although phosphorylation of Paramyxoviridae phosphoproteins is highly conserved, implying functional significance, its role is still unclear (Lamb and Kolakofsky, 2001 ).
All Paramyxovirus P proteins form oligomers through a coiled-coil motif located within PCT (Curran et al., 1995a) . The recent structure determination of this oligomerization domain shows that it is tetrameric (Tarbouriech et al., 2000) , suggesting that P may form tetramers rather than trimers as previously proposed (Curran et al., 1995a) . These very stable oligomers are the active form of P for replication and transcription (Curran, 1998) . PCT also contains the region responsible for binding to L (Smallwood et al., 1994) and those necessary for binding to N NUC (Harty and Palese, 1995; Ryan et al., 1991) . The N-terminal part of P, PNT, is not characterized from a structural point of view. Remarkably, PNT is found as a domain in at least two viral proteins, P and V, in all Morbilliviruses and Rubulaviruses (see below) and in some Paramyxoviruses. V originates from a transcrip-tional editing event occurring on approximately 50% of P mRNAs. An extra G nucleotide is inserted at position 753 of the mRNA of MV P, and translation of the edited RNA proceeds in the reading frame Ϫ1 to yield a new protein, V (Cattaneo et al., 1989 ) (see Fig. 1 ). The 230 residues shared by the amino-termini of MV P and V constitute the PNT. The 69 highly conserved C-terminal residues of V, unique to the V protein, form a zinc-binding domain (Liston and Briedis, 1994) . A similar editing mechanism yields Sendai virus (SeV) V protein but also a third protein, W, which is composed solely of the N-terminal domain of P (Fig. 1) . Thus the PNT domain of SeV is expressed on its own as the protein W (Lamb and Kolakofsky, 2001 ).
Auxiliary MV V protein as well as SeV V and W proteins have a dual nature. On one hand, they have an inhibitory effect on viral replication (Horikami et al., 1996; Tober et al., 1998) and they are dispensable for replication in cultured cells (Delenda et al., 1997; Schneider et al., 1997) . On the other hand, they are necessary for virulence in mice (Delenda et al., 1998; Patterson et al., 2000) . The pathogenicity determinants of V lie in its C-terminal zinc-binding domain (Kato et al., 1997) . Conversely, the inhibitory effect of V on replication has been mapped to its PNT, by interfering with encapsidation of the nascent RNA (Horikami et al., 1996; Tober et al., 1998) . Finally, V interacts with the polymerase L via the PNT as shown for rinderpest virus (RPV), closely related to MV (Sweetman et al., 2001 ).
As mentioned above, although the N-terminal part of P is dispensable for transcription, it is required for replication. Elegant studies by Curran et al. (1994 Curran et al. ( , 1995b have shown that the SeV PNT domain acts like a chaperone for N, preventing its illegitimate self-assembly in the absence of genomic RNA synthesis. Rather, N is kept in its soluble form N°by directly interacting with PNT; this chaperone activity of P has been precisely mapped to aa 33-41. N°-P binding also necessitates the last C-terminal 90 residues of P. Furthermore, two regions (aa 1-77 and 78-156) of PNT that are essential for genomic RNA synthesis have been uncovered. These regions are reminiscent of the acidic activation domains (AADs) of cellular transcriptional factors in that they seem to be position-independent and can partially substitute for each other. Other studies suggest that Morbillivirus PNT plays a role similar to that of SeV PNT in keeping N°soluble by binding to it (Curran et al., 1994 (Curran et al., , 1995b Harty and Palese, 1995; Shaji and Shaila, 1999; Tober et al., 1998) .
The N-terminal domains of Rubulavirus P and V proteins have properties distinct from those of Paramyxoviruses and Morbilliviruses. They are shorter and of basic nature; furthermore the V protein of Rubulaviruses is encapsidated in virions, contrary to that of Paramyxoviruses and Morbilliviruses (Delenda et al., 1997; Lamb and Kolakofsky, 2001 ). Although they are related (functionally and in sequence) to the set of CЈ, C, Y1, and Y2 proteins of Paramyxoviruses (Lamb and Kolakofsky, 2001) , they may share at least one function with Morbillivirus and Paramyxovirus PNT, since simian virus 5 PNT might have a role in keeping N°soluble prior to encapsidation (Precious et al., 1995) .
As a first step in studying the role of P in viral replication, we report the expression, purification, and characterization of PNT. We found that PNT is unstructured in aqueous solution and identified a region within PNT that has the propensity to undergo an unstructured/structured transition under hydrophobic conditions.
RESULTS
P is a modular protein, divided into two modules: a C-terminal half sufficient for viral transcription and an N-terminal half that performs several additional functions in replication. In order to investigate in detail the different functions of P in relation to its structure, the N-terminal domain of P was isolated and characterized.
Domain analysis of P and subcloning of PNT
The modular organization of the P gene reviewed above and described in Fig. 1 suggests that residues FIG. 1. Domain organization of the P and V proteins of MV and SeV. The phosphoprotein N-terminal (PNT) domain common to P and V, the phosphoprotein C-terminal (PCT) domain unique to P, and the zinc binding domain (Zn BD) unique to V are shown. In the case of SeV, the PNT domain is also expressed alone, as a protein, W.
1-230 constitute an independent functional domain, PNT. We have cloned the DNA fragment of the P gene encoding PNT (residues 1-230) into the pET21a expression vector with an N-terminal hexahistidine tag in order to facilitate purification. The corresponding plasmid is referred to as pET21a/PNT H6.
Expression and purification
The P gene of MV contains numerous arginine codons, AGG, that are used with a very low frequency in Escherichia coli. Accordingly, coexpression of the plasmid pUBS520 (Brinkmann et al., 1989) , which supplies the corresponding rare tRNA in trans to pET21a/PNT H6 , was required for expression of PNT (not shown). Most PNT produced was recovered from the soluble fraction of bacterial lysates (Fig. 2, lane 2) . PNT was purified to homogeneity (Ͼ95%) in three steps: immobilized metal affinity chromatography (IMAC), ion-exchange chromatography, and gel filtration (Fig. 2, lanes 3-5) . The identity of PNT was confirmed using immunodetection (Western blotting) with an anti-hexahistidine monoclonal antibody (not shown). As shown in Fig. 2 , PNT displays an abnormally slow migration in SDS-PAGE with an apparent molecular weight (MW) of 33 kDa (expected weight 25 kDa). This abnormal behavior has been reported previously for all P proteins of Morbilliviruses and Paramyxoviruses (Lamb and Kolakofsky, 2001 ) and attributed to the occurrence of acidic stretches in PNT, which is consistent with our result. The theoretical MW of PNT (24.823 kDa) was confirmed by mass spectrometry.
In order to characterize the structural properties of PNT, we performed on this domain biophysical and biochemical studies allowing to us analyze its secondary and tertiary structure.
Nuclear magnetic resonance (NMR) experiments
The structure of PNT was first investigated using 2D NMR. Figure 3 shows the amide region of a NOESY spectrum. The very small spread of the resonance frequencies for amide protons (between 7.8 and 8.7 ppm, see box in Fig. 3 ) together with the absence of NOEs in the amide-amide region is typical of a protein without any constant secondary structure. Moreover, the absence of any specific short-range interactions, such as those required for stabilizing an oligomer, suggests that the protein is monomeric.
Circular dichroism (CD) studies
The CD spectrum of PNT at neutral pH lacks evidence of any significant ordered secondary structure, as seen from its large negative ellipticity at 198 nm and nil ellipticity at 185 nm (Fig. 4) .
Gel filtration
PNT elutes from the gel-filtration column as a sharp peak indicating the presence of a well-defined species. This peak corresponds to a 115-kDa globular protein (Fig. 5) . The elution volume of a protein from a gel- filtration column depends, in fact, not on its MW, but rather on its hydrodynamic properties. The hydrodynamic radius of a protein (Stokes radius, R s ) can be deduced from its apparent MW (as seen by gel filtration) (Uversky, 1993) . The apparent MW of 115 kDa measured for PNT corresponds to a Stokes radius of 41 Ϯ 3 Å. In addition, the theoretical Stokes radius of a monomeric, native (R sN ) or unfolded (R sU ) protein can be estimated according to the equations described in Uversky (1993) . In the case of PNT, R sN ϭ 23 Å and R sU ϭ 46 Å. Therefore, the Stokes radius measured for PNT (41 Å) is not compatible with a monomeric, globular protein. Such a large value for the Stokes radius could be attributed either to a high degree of multimerization or to a monomeric, unfolded protein (R sU predicted: 46 Å). Multimers in the form of nonspecific aggregates would have led to a broad peak in gel filtration, which is not the case here. On the other hand, the hypothesis of an unfolded protein is consistent with the CD and NMR data, which show that PNT lacks stable secondary structure.
Dynamic light scattering (DLS)
Through the measurement of the diffusion coefficient, dynamic light scattering also gives access to the hydrodynamic radius of proteins, which depends upon their size and their shape. Globular proteins differ notably from fully or partly unstructured proteins in their hydrodynamic properties, and an empirical relationship between number of residues N and hydrodynamic radius R s has been established for native, globular proteins and for fully denatured proteins (Wilkins et al., 1999) . The hydrodynamic radius measured for PNT by light-scattering analysis in 100 mM NaCl at pH 8 at a concentration of 1 mg/ml was R s ϭ 47 Ϯ 4 Å (the same value was found in the presence of 10 mM DTT), which is consistent (within the error bars) with the R s measured by gel filtration. According to Wilkins et al. (1999) , the theoretical radius expected for a native, globular protein with 236 aa as measured by DLS or by pulsed-field gradient NMR techniques is about 25 Å, whereas for a fully denatured protein, it would be close to 50 Å. Thus, the R s of PNT measured by DLS corresponds to the value expected for a fully unfolded protein.
Folding of PNT induced by 2,2,2-trifluoroethanol (TFE)
The regions of PNT involved in association with other proteins may undergo disorder-to-order transitions upon binding to their target, a process termed "induced folding." To identify such potential regions, the solvent TFE was used. TFE is widely used as an empirical probe of hidden structural propensities of peptides and proteins (Hua et al., 1998) . In particular, activators of transcription, whose similarity with PNT has been mentioned above, are involved in protein-protein interactions and might therefore not experience an aqueous environment in vivo. Therefore, in a study of the transcriptional activation domain of thyroid transcription factor-1 (TTF-1), TFE was used to mimic the hydrophobic milieu they might be experiencing (Tell et al., 1998) . Indeed, TFE induced the formation of helical structure in a region of TTF-1 known for its biological function. Other studies have also validated the use of TFE to uncover regions that have a propensity to undergo an induced folding (Dahlman- Wright and McEwan, 1996; Hua et al., 1998) .
CD spectra of PNT were recorded in the presence of concentrations of TFE ranging from 0 to 50% (Fig. 6A ). PNT shows an increasing gain of ␣-helicity upon the addition of TFE, as evidenced by the characteristic maximum at 190 nm and minima at 208 and 222 nm. Most unstructured/structured transitions take place before 20% TFE, a concentration at which the ␣-helix content is estimated to be about 15% (using the ellipticity at 220 nm). This behavior has been reported for the VP16 AAD (Donaldson and Capone, 1992) , but is not general, since FIG. 4 . CD spectrum of PNT. The spectrum was recorded in 10 mM sodium phosphate buffer, pH 7 (see Materials and Methods).
FIG. 5.
Gel filtration of PNT onto a Superdex 200 column. Elution was carried out in 50 mM sodium phosphate buffer, pH 7, 100 mM NaCl. The main peak containing PNT is indicated by an arrow and the mass deduced from the column calibration is shown.
for instance the GCN4 AAD forms little or no ␣-helix in TFE concentrations as high as 30% and folds in fact mostly as ␤-sheets in 50% TFE at pH 5.5 (Van Hoy et al., 1993) . Thus, the behavior of PNT in TFE reveals an ␣-helix-forming potential.
Identification of regions of PNT that fold in TFE
Limited proteolysis is widely used as a probe of protein structure. Globular proteins are preferentially cleaved at exposed and flexible loops only and almost never within secondary structure elements (Fontana et al., 1997; Hubbard, 1998) . The use of a protease with broad substrate specificity, such as thermolysin (a TFEresistant enzyme), allows the identification of cleavage sites solely on the basis of the flexibility of the protein substrate. As a control of the functionality of thermolysin in TFE, cytochrome c type IV was digested by thermolysin in 50% TFE, which yielded two proteolytic fragments of 4 and 7 kDa, as described in Fontana et al. (1995) (not shown). To map the regions of PNT that gain secondary structure upon addition of TFE, we submitted PNT to digestion by thermolysin in the presence of varying concentrations of TFE. The minimum concentration of TFE necessary to obtain a fragment resistant to proteolysis was found to be 15% (not shown). At this concentration, the ␣-helix content is estimated at about 10% (between that at 10% TFE and that at 20% TFE), using the ellipticity at 220 nm. A time-course experiment in the presence of thermolysin and 15% TFE (Fig. 6B ) allowed us to identify a digestion-resistant fragment (Fig. 6B, arrow 2) . In the absence of TFE, PNT is entirely digested in 6 h, whereas it shows resistance to digestion in the presence of 15% TFE (compare lanes C and 4). The peptidic fragment was isolated and submitted to mass spectrometry and Nterminal sequence analysis. It starts with the sequence LAIEE and has a size of 7498.16 Da, consistent with a 73-aa peptide encompassing the region 27-99 in the sequence of PNT. Noticeably, the N-terminus of this peptide (aa 27-38) is predicted to be an ␣-helix by the secondary structure program JPRED (Cuff et al., 1998) , while no secondary structure element is predicted within the remainder of the region (aa 39-99) (not shown). However, since this 73-aa fragment represents about one-third of PNT, the estimate of a 10% ␣-helix content for PNT means that the fragment cannot be entirely helical (otherwise PNT should have an ␣-helix content of at least one-third, that is 30%).
Prediction of unstructured regions of Morbillivirus PNTs
The term "natively unfolded protein" was coined recently to refer to proteins that have no or little secondary structure under physiological conditions, in the absence of a physiological partner (Weinreb et al., 1996) ; for a review see Dunker et al. (2001) and Wright and Dyson (1999) . Natively unfolded proteins differ significantly in their primary sequence from small, globular, folded proteins (Uversky et al., 2000) . A distinct combination of low hydrophobicity and relatively high net charge allows one to predict natively unfolded proteins on the basis of their sequence alone, with very good confidence. This led us to investigate in more detail the physicochemical properties of PNT in order to check whether it could be natively unfolded. Indeed, as shown in Table 1 , PNT seems to fall into the class of natively unfolded proteins, since its mean hydrophobicity (H) and mean net charge (R) obey the equation previously described in Uversky et al. (2000) : (H) Ͻ (C) where (C) ϭ ((R) ϩ 1.151)/ 2.785. In the case of PNT, (H) ϭ 0.42, (R) ϭ 0.07, and (C) ϭ 0.44 (Table 1) , thus fulfilling the requirement for natively unfolded proteins, namely that (H) Ͻ (C). Calculations performed on the equivalent domains of related viruses (Table 1) show that all the N-terminal domains of Morbillivirus P proteins are predicted to be natively unfolded. The W protein of SeV, which corresponds to the PNT domain, is also predicted to be unfolded (Table 1) . Domain I of vesicular stomatitis virus (VSV), which might share some functional similarities with PNT (discussed below), was also found to be natively unfolded (Table 1 ). All these domains are acidic with a low hydrophobicity profile and consist of 200-320 residues. Conversely, shorter, basic N-terminal domains of Rubulavirus P proteins are predicted to be folded (not shown).
The group of K. Dunker and Z. Obradovic developed a series of predictors for the identification of regions within proteins that lack fixed tertiary structures, essentially being partially or fully unfolded and referred to as "disordered regions" (Li et al., 1999; Romero et al., 1997 Romero et al., , 2001 . While the approach of Uversky et al. is useful for wholly unfolded proteins, the programs of the Dunker/Obradovic group can deal with proteins having both ordered and disordered regions. This group developed neural networks trained to distinguish ordered from disordered regions, the disorder of which was assessed using either X-ray crystallography or NMR. This collection of predictors of natural disordered regions is termed PONDR. The reliability of the prediction increases with the length of the region concerned. A borderline length of 40 residues has been chosen by Dunker et al. in their extensive study to define long disordered regions (LDRs) of proteins with very good confidence . The error rate for prediction of LDRs consisting of 40 aa is 0.4% and falls below distinguishable levels for LDRs longer than 60 aa .
The neural network predictor VL-XT from the program PONDR was run on both MV PNT and SeV protein W, the functional counterpart of PNT. As shown in Fig. 7 , two LDRs are predicted within MV PNT, ranging from aa 20 to 103 and 125 to 170, with respective strengths of 0.79 and 0.85. Similarly, two LDRs are predicted within SeV W: a first region, ranging from aa 56 to 106, and a second, much longer one (aa 126 to 317) (Fig. 7) . As mentioned above, the strength of the prediction increases with the length of the LDR and the latter is an extremely strong prediction, with a strength of 0.9 and a length of 191 residues. Comparatively, VL-XT predicts no region of disorder longer than 35 aa in the MV L protein, which is 2183 residues long (not shown). In all, more than 240 of 320 residues are predicted to belong to a disordered region for W, and 130 of 230 for PNT, thus reinforcing the prediction that was made on the basis of their hydrophobicity and mean net charge.
Taken together, our results suggest that MV PNT is not structured in solution and that the PNT domains of Morbilliviruses and Paramyxoviruses are natively unfolded. Folding of PNT can be induced under hydrophobic conditions, and one likely structural element involved in this induced folding is the region encompassing residues 27 to 99, which contains a computer-predicted ␣-helix (residues 27 to 38).
DISCUSSION
We report the expression and purification of the Nterminal domain of the phosphoprotein of measles virus, PNT. PNT is found in at least two proteins in MV, P and V, and in a third one, W, in the case of SeV. Contrary to the SeV W protein, MV PNT is never expressed alone but always as the N-terminal domain of either P or V. As PNT is soluble and stable, it is reasonable to assume that it constitutes a domain on its own.
The hydrodynamic properties of PNT inferred from both gel filtration and dynamic light-scattering experiments are consistent with PNT being either a stable oligomer or a monomeric, unfolded protein. NMR data show that PNT exhibits no short-range interactions, indicating the lack of any constant secondary structure as well as the absence of any stable oligomers. Moreover, CD studies further confirm that PNT is unfolded in aqueous solution. Taken together, all these experiments show that PNT is unstructured under our experimental conditions, mimicking physiological conditions in terms of pH and salinity.
A recent study showed that it is possible to discriminate with very good confidence between globular proteins and natively unfolded proteins on the basis of their sequence alone (Uversky et al., 2000) . Drawing on these results, we show that MV PNT has a combination of mean hydrophobicity and net charge that is typical of the class of natively unfolded proteins. We extend this result to the PNTs of other Morbilliviruses and to the W protein of SeV, which is the functional counterpart of PNT in Paramyxoviruses. We also use another approach to predict the location of intrinsically disordered regions of proteins, based on the program PONDR (Li et al., 1999; Romero et al., 2001) . PONDR identified two LDRs in MV PNT, which together span more than half the domain. SeV W also contains two LDRs, one of them strikingly long, extending by itself for more than half the length of the protein; in all, more than two-thirds of W is predicted to be disordered. These results reinforce for both domains the predictions that were made on the basis of their mean hydrophobicity and net charge. Furthermore, our results highlight the complementarity of the two methods. Indeed, Uversky et al. (2000) report that the 19 strongest predictions of LDRs described in Romero et al. (1998) all possess the characteristics of natively unfolded proteins.
The N-terminal domains of Rubulavirus P and V proteins are predicted to be folded. This is in agreement with the idea that they are biochemically and functionally distinct from the Morbillivirus and Paramyxovirus PNT domains (Lamb and Kolakofsky, 2001) .
Sequence variability has been suggested as another possible indicator of structural disorder . Contrary to the previous approaches based on the analysis of a single sequence, it depends upon the Disorder prediction values for a given residue are plotted against the residue number. The significance threshold, above which residues are considered to be disordered, set to 0.5, is shown. Long (Ͼ40 residues) disordered regions (LDRs) are shaded (residues 20-103 and 125-170 for MV PNT; residues 56-106 and 126-317 for SeV W). The strength of the prediction for each LDR is shown within the corresponding shaded region.
analysis of a set of related sequences. In this framework, we note that well-conserved regions of P (located within PCT) are structured (Tarbouriech et al., 2000) , while we show here that the hypervariable N-terminal domain of P, PNT, is disordered. Thus, our results support the idea that sequence variability might be an indicator of structural disorder.
The peculiar sequence properties of N-terminal domains of phosphoproteins have long been noticed as reminiscent of AADs from cellular transcriptional factors. The structure and function of AADs are still unclear but AADs play a role in recruiting the transcriptional machinery via protein-protein interactions (Melcher, 2000) . Intriguingly, AADs can be functionally replaced by a number of unrelated proteins, they act in a position-independent manner, and their function does not depend upon a distinct tertiary structure. Recently, several studies have shown that AADs act through bulky hydrophobic residues scattered within acidic residues (Melcher, 2000) . The numerous, charged residues would help to keep these hydrophobic residues in an aqueous environment, allowing them to establish weak, short distance contacts with hydrophobic patches in their targets. In that model, (i) specificity of AADs for their natural partners is provided by colocalization with their targets (on DNA); (ii) affinity is attained through the use of multiple activation domains. This occurs either through multimerization of transcriptional factors containing AADs or by combining within an AAD several redundant, independent regions of interaction, each of low affinity (Melcher, 2000) .
The first observation of the similarity between a phosphoprotein N-terminal domain and AADs came from studies of the N-terminal domain (domain I) of the related Rhabdoviridae VSV P protein, which is required for mRNA synthesis in vitro. This domain can be functionally replaced with the sequence of tubulin, and the 44-aa carboxy terminus of tubulin is indispensable for this function (Chattopadhyay and Banerjee, 1988) . Interestingly, we note that this latter region is made of acidic amino acids interspersed with bulky hydrophobic residues, similar to AADs, providing a possible explanation for its role in substituting for P domain I. In the same vein, two regions of SeV PNT essential for genomic RNA synthesis act in a position-independent manner and can partially substitute for each other (Curran et al., 1994) . Such amino-terminal regions have also been identified in MV and RPV PNT (Curran et al., 1995b; Harty and Palese, 1995; Shaji and Shaila, 1999) . On the basis of its primary sequence, we predict that the VSV P domain I is natively unfolded (Table 1) , thus reinforcing the proposed structural similarities between VSV P domain I, Paramyxoviridae PNTs, and AADs.
Most, though not all, natively unfolded proteins or protein domains characterized so far undergo some degree of folding in the presence of a physiological partner, a process termed induced folding (for a review see Dunker et al., 2001; Wright and Dyson, 1999) . So far two proteins that bind to PNT have been identified: the unassembled form (N°) of the nucleoprotein and the polymerase (L). N°binds to PNT both within P and within V (Curran et al., 1995b; Harty and Palese, 1995; Shaji and Shaila, 1999; Tober et al., 1998) . However, it has not been possible to test the folding of PNT induced by N°using recombinant PNT and N expressed separately, because in heterologous expression systems N is produced only in its self-assembled form N NUC (Warnes et al., 1994 (Warnes et al., , 1995 . In addition, V binds to L in the case of the Morbillivirus RPV (Sweetman et al., 2001) , and expression of recombinant L would be necessary to further examine this interaction.
The hidden structural propensities of unstructured proteins can be probed with the solvent TFE, which mimics hydrophobic conditions that such proteins might experience when binding hydrophobic patches in their targets. The specificity of TFE as an ␣-helix-inducing solvent has been validated in a number of studies, which have often established a link between ␣-helical structure gain upon addition of TFE and functional activity (Dahlman-Wright and McEwan, 1996; Hua et al., 1998; Tell et al., 1998) . Using TFE, we show that PNT has a clear ␣-helix-forming potential. We identified one fragment, which spans aa 27-99, resistant to proteolysis in 15% TFE. Noticeably, it belongs to the region 20-103 of PNT, predicted as being disordered by PONDR. Remarkably, the N-terminus of this fragment is predicted to be an ␣-helix (aa 27-38) by the program JPRED (Cuff et al., 1998) . It is reasonable to assume that under these conditions, it is folded as an ␣-helix, thus preventing cleavage and digestion by thermolysin. Thus, it may represent one of the secondary structure elements involved in the unstructured/structured transition of PNT upon binding to a physiological partner.
The distribution of the conformations of natively unfolded PNT is narrow, according to the relative sharpness of the elution peak observed in gel filtration, compared to what would be expected for a fully denatured protein in the presence of chaotropic agents (urea, guanidinium chloride). This result suggests that some residual structure may prevent the polypeptide chain from adopting multiple conformations. One can then reasonably assume that these residual interactions enable a more efficient start of the folding process induced by a binding partner.
So far the only detailed mapping of PNT function in replication comes from studies conducted on SeV. Two functions have been uncovered in SeV PNT: (a) a chaperone activity for N (mapped to aa 33-41), involving binding to N°and preventing its self-assembly, and (b) a function in genomic RNA synthesis, whose precise nature is unknown, via two redundant regions reminiscent of AADs (aa 1-77 and 78-156) (Curran et al., 1994 (Curran et al., , 1995b . It is tempting to relate the latter function to the L-PNT interaction recently proven in the case of RPV V (Sweetman et al., 2001) . Indeed, several studies point out that SeV PNT interacts with L (Curran et al., 1994 (Curran et al., , 1995b Sedlmeier and Neubert, 1998) . Although attempts to demonstrate a direct PNT-L interaction for SeV by immunoprecipitation have failed so far, we note that AADs generally have a weak affinity for their targets (Melcher, 2000) . Given the similarity of PNT to AADs, such an interaction might have escaped detection. On the other hand, a stable binding site for L has been mapped to the PCT domain (Smallwood et al., 1994) . Thus we note a parallel with two important features of the mode of action of AADs mentioned above: (i) colocalization of PNT with L on the (N:RNA) complex is provided by an independent and stable L-binding site on P and (ii) the use of multiple activation domains is provided by multimerization of P and/or by the presence of redundant activation regions in PNT.
In addition to viral proteins, MV V binds three different, uncharacterized cellular proteins in infected cells, with both the N-terminal (PNT) and the C-terminal (zinc binding) domains of V being required for this interaction (Liston et al., 1995) . Thus PNT plays very different roles during viral replication. Indeed, one advantage of unstructured regions of proteins might be their ability to bind to a wide variety of structurally distinct substrates Wright and Dyson, 1999) , as already proposed for SeV PNT (Curran et al., 1994) . Although speculative, it is possible that one role of PNT is to put into contact several proteins within the replicative assembly complex, such as N°and L.
In this study, we have shown using biochemical and biophysical methods that the recombinant PNT is not structured. Its sequence properties, characteristic of natively unfolded proteins, suggest that this is an intrinsic property of PNT. However, further studies, involving for instance coexpression of P with other viral proteins, are necessary to establish the biological relevance of these observations.
MATERIALS AND METHODS

Bacterial strains and media
The E. coli strain XL1 Blue (Stratagene) was used for selection and amplification of DNA constructs. The E. coli strain BL21(DE3) (Novagen) was used for expression of recombinant proteins. E. coli was grown in LuriaBertani medium.
Chemicals
Restriction enzymes and T4 DNA ligase were purchased from NE Biolabs (U.S.A.). Pfu polymerase was from Promega (U.S.A.). Primers were purchased from Genosys (UK). Nucleotide sequencing was carried out by Genome Express (France).
Cloning of the P and PNT coding regions
The plasmid pSC6/P encodes the measles virus P gene (strain Edmonston B) (Radecke et al., 1995) . P was cloned into the expression vector pET21a (Novagen) by PCR using pSC6/P as a template. Forward primer (5Ј GGCCCATATG-GCAGAAGAGCAGGCACGC 3Ј) was designed to introduce an NdeI restriction site fused to the N-terminus of P, and reverse primer (5Ј CCGGGAATTCTTACTTCATTATTATCT-TCAT 3Ј) was designed to introduce an EcoRI site after the P stop codon. The PCR product was digested with NdeI and EcoRI, purified, and ligated between the NdeI and the EcoRI sites of pET21a to yield pET21a/P. To introduce a hexahistidine tag fused to the N-terminus of P, pET21a/P was digested with NdeI and BamHI, dephosphorylated, and ligated to a double-stranded, phosphorylated synthetic oligonucleotide (5Ј TATGCCCATCATCATCATCATGCAGAA-GAGCAGGCACGCCATGTCAAAAACGGACTCGAGTGCA 3Ј annealed to 5Ј CTCGAGTCCGTTTTTGACTGGCGTGCCT-GCTCTTCTGCATGATGATGATGATGGTGCA-3Ј) to yield pET21a/P H6 .
The PNT gene construct encoding residues 1-230 of P with a hexahistidine tag fused to its N-terminus was obtained by inserting a stop codon at position 691 of the sequence of the P ORF by PCR, using pET21/P H6 as template, forward primer 5Ј GGCCAGGCCTTGATGGT-GATAGCAC 3Ј, and reverse primer 5Ј GGCCGGATCCG-GTACCTTATTACTTTTTAATGGGTGTCCC GGAAGT 3Ј. The PCR product was digested with StuI and BamHI, purified, and ligated between the StuI and the BamHI sites of the pET21a/P H6 plasmid to yield pET21a/ PNT H6 .The sequence of all coding regions was verified by nucleotide sequencing.
Expression of PNT
E. coli BL21(DE3) transformed with pET21a/PNT H6 and with pUBS520 (Brinkmann et al., 1989) was grown overnight to saturation in Luria-Bertani (LB) medium containing 100 g/ml ampicillin and 50 g/ml kanamycin. An aliquot of the overnight culture was diluted 1/25 in LB medium and grown at 37°C. At OD 600 of 0.7, isopropyl-␤-D-thiogalactopyranoside was added to a final concentration of 0.2 mM, and the cells were grown at 37°C for 3 h. The induced cells were harvested, washed, and collected by centrifugation. The resulting pellet was frozen at Ϫ20°C.
Purification of PNT
The pellet containing PNT was resuspended in 5 volumes (w/w) buffer A (50 mM sodium phosphate, pH 8, 300 mM NaCl, 1 mM PMSF) supplemented with 1 mM benzamidine, 10 mM imidazole, 100 g/ml lysozyme, 1 g/ml DNase I. After a 20-min incubation on ice, the cells were disrupted by sonication (using a 750-W sonicator and four cycles of 50 s at 50% power output). The lysate was clarified by centrifugation at 30,000 g for 30 min at 4°C.
Starting from a 1-L culture, the clarified supernatant was incubated for 1 h at 4°C with gentle shaking with 4 ml Chelating Sepharose Fast Flow Resin preloaded with Ni 2ϩ ions (Amersham Pharmacia Biotech), previously equilibrated in buffer A containing 10 mM imidazole. The resin was washed with buffer A containing 20 mM imidazole, and PNT was eluted in buffer A containing 250 mM imidazole. Eluates were analyzed by SDS-PAGE for the presence of PNT. The fractions containing PNT were combined, diluted with 5 volumes of 10 mM Tris, pH 8, 1 mM PMSF, and loaded onto a Source 15Q PE 4.6/100 column (Amersham Pharmacia Biotech) equilibrated in buffer B (10 mM Tris, pH 8, 50 mM NaCl, 1 mM PMSF). Elution was carried out with a gradient of NaCl (50-500 mM) in buffer B. Fractions containing PNT were pooled and loaded onto a Superdex 200 HR 10/30 column (Amersham Pharmacia Biotech) and eluted with buffer C (10 mM Tris, pH 8, 50 mM NaCl). The protein was concentrated using Centripreps 10 (Millipore). Apparent molecular weights of proteins eluted from the column were deduced from a calibration carried out with LMW and HMW calibration kits (Amersham Pharmacia Biotech). The theoretical Stokes radii of a native (R sN ) and fully unfolded (R sU ) protein with a molecular weight (in daltons) were calculated according to Uversky (1993) : log(R sN ) ϭ 0.369 ϫ log(MW) Ϫ 0.254 and log(R sU ) ϭ 0.533 ϫ log(MW) Ϫ 0.682.
Circular dichroism
The CD spectra were recorded on a Jasco 800 dichrograph using 1-mm-thick quartz cells in 10 mM sodium phosphate buffer, pH 7.0, at 20°C. Structural variations were measured as a function of changes in the initial CD spectrum upon addition of increasing concentrations of TFE (Fluka). CD spectra were measured between 185 and 260 nm. Mean ellipticity values per residue ([⌰]) were calculated as [⌰] ϭ 3300m ⌬A/(lcn), taking into account a path length (l), a number of residues (n), a molecular mass (m), and a protein concentration (c) of respectively 0.1 cm, 236, 25 kDa, and 0.2 mg/ml. The ␣-helix content was derived from the ellipticity values at 220 nm as described in Morris et al. (1999) .
Proteolysis with thermolysin
Horse heart cytochrome c (type VI) and thermolysin were obtained from Sigma. Digestion of proteins was performed by incubation of the protein substrate (1 mg/ ml) dissolved in 20 mM Tris/HCl, pH 7.8, with thermolysin (protease:protein substrate ratio 1:100) at 25°C. The reaction was carried out in the absence or presence of TFE (from 10 up to 50%). The extent of proteolysis was evaluated by SDS-PAGE analysis on 20-l aliquots that were removed from the reaction mixture, added to 20 l of 2ϫ
Laemmli sample buffer and boiled for 5 min to inactivate the protease.
Dynamic light scattering
Dynamic light-scattering experiments were performed with a Dynapro MSTC-200 (Protein Solutions) at 20°C. All samples were filtered prior to the measurements (Whatman Anodisc 13, 0.02 m). For total intensity light scattering, protein concentrations were determined by measuring absorbance at 280 nm directly in the light-scattering sample cell and the instrument was calibrated with toluene using the same cell.
Hydrodynamic radii were deduced from translational diffusion coefficients using the Stokes-Einstein equation. Diffusion coefficients were inferred from the analysis of the decay of the scattered intensity autocorrelation function for monodisperse samples. All calculations were performed using the software provided by the manufacturer.
Mass spectrometry
Mass analysis of PNT was performed using a Voyager DE RP mass spectrometer (PerSeptive Biosystems). Samples (0.7 l containing 15 pmol) were mixed with an equal volume of sinapinic acid matrix solution, spotted on the target, and then dried at room temperature for 10 min. The mass standard was apomyoglobin.
Two-dimensional NMR
A sample containing purified PNT at a concentration of 0.3 mM in 50 mM sodium acetate, pH 5.6, 30 mM NaCl, was used for the acquisition of a NOESY spectrum on a DRX500 Bruker spectrometer at 300 K with 2048 complex points in the directly acquired dimension and 512 complex points in the indirectly detected dimension. Solvent suppression was achieved by the Watergate 3-9-19 pulse (Piotto et al.,1992) . The data were processed using the UXNMR software; they were multiplied by a sine-squared bell and zero-filled to 1 K in 1 dimension prior to Fourier transformation.
Sequence retrieval
Sequences for this study were obtained using the National Center for Biotechnology Information's sequence retrieval software. Paramyxoviridae and Rhabdoviridae P sequence accession numbers are as follows: VSV-AAA48451, MV-CAA91364, canine distemper virus-AAG15488, RPV-JQ1930, SeV-P04860.
Calculation of mean net charge (R) and mean hydrophobicity (H)
The mean net charge of a protein is determined as the absolute value of the difference between the numbers of positively and negatively charged residues divided by the total number of amino acid residues. It was calculated using the program ProtParam at the EXPASY server (http://www.expasy.ch/tools).
The mean hydrophobicity is the sum of normalized hydrophobicities of individual residues divided by the total number of amino acid residues minus 4 residues (to take into account fringe effects in the calculation of hydrophobicity). Individual hydrophobicities were determined using the Protscale program at the EXPASY server (http://www.expasy.ch/tools), using the options "Hphob/ Kyte & Doolittle," a window size of 5, and normalizing the scale from 0 to 1. The values computed for individual residues were then exported to a spreadsheet, summed, and divided by the total number of residues minus 4 to yield (H).
PONDR prediction of unstructured regions
Sequences of proteins were submitted to the PONDR server (http://www.disorder.wsu.edu/) using the default integrated predictor VL-XT (Li et al., 1999; Romero et al., 2001) . Access to PONDR was provided by Molecular Kinetics (P.O. Box 2475 CS, Pullman, WA 99165-2475; E-mail: mkinetics@turbonet.com) under license from the WSU Research Foundation. PONDR is copyrighted 1999 by the WSU Research Foundation, all rights reserved.
